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ABSTRACT
The following report is the third and final in a series

describing the progress of "A RESEARCH STUDY ON
INTERNAL CORROSION OF HIGH PRESSURE
"BOILERS". The first report described the background,
scope, and organization of the program as well as the
test facility. The second report discussed the methods
of testing and the results of the first six runs. This final
report describes the results of the last six tests and
discusses the conclusions drawn from all of Phases II
and III. The scope and an outline of seven tests com-
posing the newly scheduled Phase IV program are also
included.

The results of runs with three types of boiler water
treatment, fouled heat transfer surfaces, and conditions
simulating fresh water and seawater condenser leakage
are included. Data relating to deposition and corrosion
in these environ•ments are presented with particular
emphasis on the severe corrosion experienced with
simulated seawater condenser leakage.
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INTRODUCTION APPARATUS AND TEST PROCEDURES
The first and second progress reports considered the The apparatus and operating parameters for these

general background of the investigation, defined the tests were the same as those employed during Phases II
scope of the program and the philosophy of testing, and 111-A. Figure 1 is a schematic diagram of the
and described the test apparatus and experimental corrosion test loop and Tables II and III summarize
procedures. Table I summarizes the program's experi- the chemical and mechanical operating parameters
mental conditions in terms of boiler water treatment employed throughout the program.
and types of contaminants for both the Phase 11 and The terms "fresh water condenser leakage" and
III tests already completed, and the new Phase IV "seawater condenser leakage" used throughout this
tests to be run during 1967. The results of Phase II and report, refer to the contaminant solutions employed to
111-A were discussed in the second progress report. simulate condenser leakage as described in the following
This final report describes the results of the Phase Ill, procedures. The reference to "dirty boiler conditions"
Group B and C tests, and includes the conclusions or "corrosion product contaminants", describes the 1:1
drawn from the entire program. mixture of magnetite and copper powder used to simu-

The tests discussed by this report were designed to late the condition of a boiler with heat transfer surfaces
study the effects of both fresh water and seawater fouled by an accumulation of preboiler and boiler corro-
condenser leakage upon the corrosion of boiler tubing sion products. Details relating to these materials were
fouled with preboiler corrosion products. These runs included in the second progress report.
were made with three types of boiler water treatment
and the same severe heat transfer conditions previously Operating Procedure for Tests with Fresh Water Con-
employed, denser Leakage (Tests 1, 2, 3 - Phase III - Group B)

The goali of Phase IV are: (1) to obtain additional Both preboiler corrosion products and fresh water
information on corrosion resulting from boiler water condenser leakage were employed during this group of
contaminated by fresh water condenser leakage, (2) to tests. Injection of corrosion products was made on a
determine the causes of hydrogen damage and (3) to 2-hour cycle during the first several days of operation,
study whether heat transfer cenditions beyond the and at various intervals thereafter until 2,800 to 3,400
threshold of departure from nucleate boiling can con- grams of contaminant had been added. Daily additions
tribute to corrosion. Phase IV is sponsored and con- of fresh water condenser leakage were made throughout
tracted separately from Phases II and III. each 14-day run. Contaminant salt solutions were

TAKIE I

PROGRAM ORGANIZATION

Soller Water
Phase No. Group Toet No. Treatment Boller Condition Contamlnatlin

II - 1 Volatile Clean None
2 Phosphate Clean None
3 Caustic Clean None

III A 1 Volatile Dirty-Fe2O4 + Cu None
2 Phosphate DOrty-Fe*O4 + Cu None
3 Caustic Dirty-F"30 4 + Cu None
1 Volatile D•rty-F* 3O4 + Cu Fresh water salts
2 Phosphate Oirty-F 3 O34 + Cu Fresh water saft
3 Caustic Dirty-F@3O4 + Cu Fresh water salts

C 1 Volatile Dirty-Fe*O4 + Cu Seawater salts
2 Phosphate Dirty-Fe*O4 + Cu Seewater salts
3 Caustic Dirty--FeO,4 + Cu Seawater Ilts

IV A I Volatile Drty-Fe,04 + Cu Fresh water sals
2 Phosphate Dlrty-Fe"04 + Cu Fresh water sfts
3 Caustic Dirty-Fe30 4 + Cu Fresh water salts

* I Volatile Dirty-Fe*O4 + Cu Other slts
2 Phosphate Dirty-FeoO. + Cu Other slts

C I Volatile Clean Tests in DNU
2 Phosphate Clean Tests in DNS
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TA3LE II seawater condenser leakage. These hban,. . ;n procedure U
WATER SPECIFICATIONS FOR 2600 PSIG were made to obtain greater dep " . 'tq a more

aggressive environment than were experienced durnug
Name pH Hydroxide Phosphate the fresh water runs. The increase in concentration ofTreating Chemical Value at 25 C ppm OH ppm PO4 the contaminant soiution provided a three-fold increase

VOLATILE 8.6-9.0 00 in total calcium and magnesium content. Seawater con-
PHOSA 9denser leakage of the following composition and quantity

PHOSPHATE 9.8-- 10.0 09a-ade1ec dy
(Na3PO4) was added each day.
CAUSTIC 10.5-10.7 AS REQUIRED TO 2-4 Quantity - 40 liters
(NaOH) MAINTAIN pH Concentration - 1,578 ppm

injected at the bottom of the vertical preheat sections Composition: - Sodium chloride - 1074 ppm
to minimize deposition on the surfaces of the horizontal Magnesium chloride - 228 ppm
preheater (not instrumented for temperature measure- Sodium sulfate - 179 ppm
ments). The amount and composition of the contami- Calcium chloride - 51 ppm
nants, added during each 8-hour period of simulated Potassium chloride - 30 ppm
,ondenser leakage, are as follows: Sodium bicarbonate - 9 ppm

Quantity - 40 liters Potassium bromide - 4 ppm
Boric acid - 1 ppm

Concentration - 200 ppm Strontium chloride - 1 ppm
Composition: - Calcium sulfate - 30 ppm Others - 1 ppm

Magnesium sulfate - 20 ppm Stock solutions for the above were made in accordance
Calcium bicarbonate - 70 ppm with the ASTM Standard Specifications for Substitute
Sodium sulfate - 40 ppm Ocean Water (DI141-52) including heavy metal
Sodium chloride - 35 ppm constituents.
Sodium silicate - 5 ppm The modified chemical control procedure for the

No attempt was made to maintain nominal boiler seawater tests specified that no treatment chemicals
water control conditions during these periods, although were to be added to the boiler water during periods of
treatment chemicals were added to the loop at the rate contaminant injection, thereby simulating an un-
normally used to compensate for depletion of concen- detected condenser leak. This permitted pH, con-
tration due to samplng losses. Control conditions were ductivity, and treatment chemical residuals to vary.
reestablished after each period of simulated leakage by Control conditions were re-established after each daily
injecting treatment chemicals and by blowdown. eight hour period of simulated leakage.

Operating Procedure for Tests with Seawater Condenser RESULTS
Leakage (Tests I. 2, 3 - Phase III - Group C) In evaluating the results of this research program,

The amount of contaminant salts and the procedure it must be kept in mind that the test conditions em-
for chemical control was modified for the tests with ployed were intended to accelerate corrsion rather than

TAKLE III
NOMINAL TEST CONDITIONS

NOMINAL TEST CONDITION A U
Mass Velocity (G) - Ibs/hr.ft2  

......... 0.55 X 10t 0.55 x 10t
Flow Rate (W) - lbs/hr 3.630 3.630

*Heat Flux (Q/A), - BTU/hr-ft2 (based on ID of tube) 150.000 150,000
Heat Flux (Q/A), - BTU/hr-ft 2 (based on projected area) 173.000 173,000

"*Approx. Heat Flux (Q/A) 2 - BTU/hr-ft
2 (based on ID of tube) 110,000 110,000

Approx. Heat Flux (Q/A) 2 - BTU/hr.ft 2 (based on protected area) 127.000 127.000
Approx. Total Preheat (Q) - BTU/hr 280.300 97.000

"**Approx. Preheat Flux (Q/A) - eTU/hr.ft 2  
121.500 42.000

Approx. Quality (X,) Entering Test Section 23% 8%
Approx. Quality X, Leaving (Q/A)1  30% 15%
Approx. Quality X2 Leavng (Q/A) 2  35% 20%

"(1¶4)1 Nemom flu I. ewsq test m"aCo"
*%(QIA)2 "eal flus in er tet i eaflee
-There flm erea be•ed ea the enr I14 toe of vertikcl •me•at
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TABLE IV
SUMMARY OF RESULTS

Group B Group C
General Test I TVst 2 Test 3 Test 1 Test 2 Test !
SW Treatment NH3  ro4  OH NH3  P04  OH
FeO04 + Cu, Gm 3000 2800 3400 500 2800 3000
FW salts, Gm 112 112 112 - - -

Sw salts, Gm - - - 126 693 882

Cewesin
Penetration, mils Trace Trace Trace 6(2 days) 3 10
Metallurgical No change No change No change No change No change No change

Thickness, mils 8 5 5 25 40 45
Welght A loop/B loop
Gmn/linear ft 0.9/1.2 1.0/0.7 0.9/1.1 0.7/2.4 7.4/1.4 4.6/2.7
Temp rise max, F 27 20 33 14 96 30
Chemical Composition CaSO4 Fe2A3 Fe30` Mg(OH)2  Fe 0,4 Fe304

Fe23 Fe3O1  Fe 3  Fe 04  MgO) 2  Cu
Fe304  Cu Cu CaS0 4  Ca3(P0 4)2  FeA

A12O.,. Na2O.6St0 2  Ca3(P04 2  3MgO.2Sl0 2

TEST 18 PHASE M 3/21/66 - 4/5/66
HYDROGEN IN STEAM SAMPLE

600

-NOTE: SAMPLE POINT S-IO
FLOWRATE 1 I0 GPH

0.400--

l &I
100

0P
I 2 3 4 5 6 7 8 9 9 0 1 1 12 13 14 15 16

DAYS

FRESHWATER ADDITIONS
f-, j 177 -"-1 1-77•F'l I 1 r'- -1 J1- r 17 -1 r~l

Cu 8 Fe3 04 ADDITIONS

TEST 18 PHASE M 3/21/66 - 4/5/66
TUBE CROWN TEMPERATURE INCREASE

10_ --- LK. 19

80 -4, ... .. . LK 20
SI .--. LK. 23 8 2460 -

N

40

1 2 3 4 5 6 7 9 9 10 1I 12 13 14 15 16

DAYS
Fig.2
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to duplicate typical boiler operation. Detailed results values as high as 10.0, thereby indicating a very slow
including a chronological log of the events and data rate of surface passivation. Contaminant salt injection
from each test are included in the following subsections, was begun at this time. This initial contaminant

o)me of these data are summarized in Table IV. injection maintained boiler water pH at 10.0 without

Log - Teal 1B, Phase III ammonia addition, and resulted in a reduction in
V#olatile - - = 8.6 hydrogen evolution. On the following day, (Figs. 2 and

o (NH) Boiler Water T9.atment pH 3) additional fresh water salts were added and iron oxide
to 9.0 and copper additions were begun.

Dirty Boiler Conditionb -- Fresh Water Condenser Once the series of iron oxide and copper contaminant
additions had been completed, the hydrogen cono-ntra-

The test loop had been chemically cleaned immedi- tion stabilized at approximately 100 ppb. (Fkg. 2).
ately preceding this test, hence the need for a period of Subsequent injections of iron oxide and copper produced
"seasoning" operation was anticipated. However, shor duration increases in hydrogen concentration,
hydrogen concentrations failed to reach equilibrium however, values remained close to 100 ppb throughout
after operating for three days with ammonia with p1l moot of the test. Figure 3 showr that each daily intro-

TEST 18 PHASE 1 3/21/66 - 4/5/66
BOILERWATER CONDUCTIVITY

600

E

•" 400 -

cj 00

200

z 100U -Ho--,
00k 0 2 3 4 5 6 7 8 9 10 11 12 13 14 1 16

DAYS

FRESHWATER ADWITJNS
fM l 1ri M ' I M• Ml M" Ml rl Ml fl -- FM

TEST 18 PHASE ] 3/21/66 - 4/5/66
BOILERWATER pH

9

4 2 3 4 5 6 7 8 9 I0 11 12 1- 14 15 16

DAYS
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TAKLE V

TIEST 15I-PHASIE III

DEOVIT D4SMBIUT1WN

Loop Q/Ahub/hr4t2  NGowe/Um It~ Sdoe 00e& Location Gem/Mnew Ft

A 150.000 Heatad 20 0.831
A 150.000 Heated 19 0.893
A 150,000 Heated 18 0.770

A150.000 Heated 17 0.731

8150,000 Heated 20 1.169
*150.000 looted 19 1.166
*150.000 Heated 17 0.781

* Unheated 20 0.560
U Unheated 19 0,503

*Unheated 17 0.289

Note: No appreciable amnount of d*Poul could be removed from the unheated portion of tubing at Blockis 17A to 20A.

DEPOSIT ANALYSIS

A Loop a Loop
NXfa Ufraetle" maew. >30% cow, COS04

Lo Major. 20 to 30% F*201jF*
Mino. 8 to 15% AlA. Na2O.68.0 2, Fe,0k4  %e04

Speeegrolmy Major, > 15% Fe. Ca Fe. Ca
LO Mator. 8to Is% Si
Mano, 3 to 8% Si
Lo Minor, Ilto 3% Al. MIL Na. Cu Mg. Cu

Chemical Aft"Kla % S03 22 26
Co2  est. <1 Not-

5602 13 6
F*A 32 40
coo 25 22
Moo 2 2
N620 2
CIS 1 3
AlA 3

Unheated side der-sits were C*0 and Cu + trace eiemnents
Drum deposits were Fe3Os no~d Cu + trace elerments

duction of f,.,b-water-cnmta,,. sent salts resulted in a 11...rr waturi Wnwdimn *a%~ i&d tit re-estabb.i nwnaml
pli PL-v~alin frtnip 9.0 11, levwk -4ig*,i1 in esve isf~ 100. ewibntrP mnmdtitaov after eachi 1*ritod of aiddittion.

end endurt'a~Ii icrvw 'nu apenxmath o n aw-~ in tube crrwn truiperoturi dur I,, drsw 'uIt
35.0. BkOilr water anak irS durinc liuti.dl tbf ýimulalrId imtonw rww*- dungh4leaAmxmm
cxwxcn.rw ke~kw trvalrn water chr~mitnw- v ataro wtrsrrrndduig hi es. msiu

frian rawntmaH'. arn, u~id% t the (141w h'.ihg i v-al peak trimprruturv e4mairnn 4f apprt'ximateIy 30 v We's

wui~i nunr~ntraanew:rxsprmwr d at Kirbk 20 V.

*S*diuun 6.0 PWfl Imrwwlia of the lest wt-tnmwa ri-ealeid that the.
Calciuma T.rwe minental ii frvwa werw nlwrod with 7.5 mil -mai bmum

moapmwsuff. Trace of vr -o teneris.o II.Prw. -, vis. I and 5 . T1w
Cblnride p Ii derammut dlstnbuitmm and owpwautatn m cii uhwn In

S"0-: Pp T"NP
Sulfate 7. ppon

Cacrixidn m~d I Fq n Ovemrewl Cleaning fit qv'nnwms for retm..vc -if tht

knmnwaln 0,01 Isln depmt was diffaii-ot. b..ur~rr. w~vraI how. ms-ak~rg in



Log-Teal 2B, Phase rII

Coordinated Phosphate M1vil~r Water Treatment -
pH1 - 9.8 to 10.0

Dirty Boiler Condit inns -Fre% h Water Condenser
Leakage

An equilibrium hydrogen cointvntration of approni-
mately 65 ppb was reached shiortly after start-up (Fig.
6). Subsequently. fredih-water-contaminant-Iialt injection
was started and the addition fif iron rsxide and copper
was begun tieveral hours later. Frrih-water-conden-er

leakage resultrd in small increases in boiler water con-
ductivity; howeIver, no rhange in pit was experienced]
(Fig. To. Boiler water analyses during periods of
simulated condena.'er leakage r.aedwater chiemistry
variations it) peak levels as shown in the following:

pH 10.0
Sodium 7.0 ppm
Calcium negative

Niagnesium negative
Chloride 1.5 ppm
Silica 0.5 ppm

Sulfate 6.0 ppm
Phosphate 1.0 ppm

Carbon dioxide 2.5 ppm

No incrrawse in hydrogen evolution resulted fromn the
inject ion of freshi water salts. Th.p maximum tube metal

Fig 4: Uppiw-Awpoarunc. of depoets fornned on Nab. trnmperaturr Uxnc -rea of 24) F K-rurrrd at Bilock 210 A.
aufcam &wa Toos is During shitdown #if thelop phoosphate concentrati~ons

Lows' Tub. awfea oftS' nmSovoI of deposift increased as.114)w wn by Fig. 8.
by dwco@f0 cdS-iq Examnationaa of the test vecthionq revealed that the

internal surfav-es were covered with upI it, 5 mils of

'~\relati~rl,. hsixi. porou-s deposits i Figs. 4) and 10.). Table
'iI 41a.ws the distrinution aid analysis If this material.

1h driej4itow;lu rradil,4 removed by -making inthe
'tadar la.d'mri..icacid andl thioburraw,aalut"ion. atidM m juu h fthe iand.-ri-'.Iag metal wa% foiund it, hasvc eximrienced no

rtwaomil`MW c~rr'.siou. %letallurgicai -xawinataým rm--
%ra6-d ni, rhanngy' In the metal *tructure.

log Test 1B~ l'iwu II I
Free (au-tic Roilr %at"r Trv'atmat pli - 10.S

Fig. 3: lOONpaaacovp of Own depoarn crow W_ t.- 107

Digs Irow ~ lhril KNIterrt.nian Fnrenh Water Condense~r

hoi Aho F. Inhibited 1 pi-n-t h~drtarhlimnr a"i. 01, 1, a.- hldirwriig notincetrats'n #bf .primtl 75
peIVVI t ammoniaMU NbA-ifiuri-. and I pe-rcrtit thiosaree 1,14, cc. rOI-s-h-i %&WIrtt afe .-r %fart aol. Fig. II . Subt)-
silut K in Ven"tuehi' lo'w'.vuwd AdeP4wat uIlGrWua 11 r 'jaintI ei-msr-. utmeauljc aim 11Y wast~arted
freM.v.l. Inii"Pnimm -f 11 th Aoderl~ivng mtal rv'ieek aaldb~~t thvfrslr~r..a.s.xlarndj.14wt
no meas*arablr 'vT' r .n. Mrieallaarcwal e-iamaaIitmipl Uri-ri- 1uaal'r'a- tar-s.tuaraa net i vel
r"Voeled nrvi changra in %t.ircttirv it) %Mjll arwrvw-a III jUneicter r'oductxa'.it% Sath no



TEST 28 PHASE N 5/24/66 - 6/9/66
HYDROGEN IN STEAM SAMPLE

600 1
500 -•NOTE: SAMPLE POINT S-/10

FLOWRATE 10 GPH

W 300 --- - - - - - - - - - - - -

200 -- --------------------

0
1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16

DAYS

FRESHWATER ADDITIONS
El C- r-3 M n n rm rl M M rl r

Cu a FeoO 4 ADDITIONS

TEST 28 PHASE N 5/24/66 - 6/9/66
TUBE CROWN TEMPERATURE RISE

100 BLK. 19

a 0 BLK 20
U. BLK. 23 824

R 60 - 1 - - - - - - - - -

40 -- - - -F-

20-- --
40

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

DAYS
Fig. 6

significant variation in pH (Fig. 12). Boiler water Injections of iron oxide and copper elevated hydrogen
analyses during periods of condenser leakage revealed concentratious to approximately 250 ppb for short
water chemistry variaiions with typical peak solids periods; however, fresh water condenser leakage pro-
oncentrations as shown by tihe followi|ng: duced no increases in hydrogen concentration. Reflux

pH 10.6 condenser hydrogen values were 100 ppb or less
Sodium 13.9 ppm throughout most of the run. A maximum tube metal
Calcium Trace temperature increase of 30 F occurred at Block 20 A.
Magnesium Negative During shutdown of the loop, phosphate concentrations
Chloride 2.8 ppr.i increased (Fig. 13). Examination of the test sections
Sulfate 2.0 ppm revealed that the internal surfaces were covered with
Silica 0.3 ppm up to 5 mils of deposit consisting of a relatively loose,
Phosphate Trace porous surface layer with a dense underlying film (Figs.
Carbon dioxide 5 ppm 14 and 15). Distribution and analysis of the deposit

,L~a



TEST 28 PHASE n 5/24/66 - 6/9/66
BOILERWATER CONDUCTIVITY

600

.-

5 300

00

0 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16
DAYS

FRESHWATER ADDITIONS
Sr-171 7 17 1"7 f -i t-i M M 1 -I i-i M- 1-7 M 1 -I

TEST 28 PHASE Z 5/24/66 - 6/9/66
BOILERWATER pH

9 - ----

"" 8 F
06

7

6

5 F

1I 3 4 5 6 7 8 9 10 11 12 13 14 15 16
DAYS

TEST 1 PHSE RFig. 7

PHOSPHATE HIDEOUT removed from the test surfaces is shown by Table V11.
Ile deposit was readily removed by soaking in the

lo s tandard hydrochloric acid and thiourea solution, and
:o. the underlying, metal was found to have experienced no

",e: , , IJ. . • measumble corrosion. Metallurgical exaination re-

3o. veeled no changes in the metal structure.

[ to • Log - Test Kf: Phase III

• Volatile (NH,) Boiler Water Treatment -- pH -P 8.66--o- to 9.0

•LO ate w ')irty Boiler Conditions - Seaw ater Condenser
I 5 1 o Leakage

P IMH - O ouHts TOhe sureo ced f the loop were chemicasly cleaned with

Fig. 8I inhibited HoI, then paasvated by alkaline boilout



TABLE VI
TEST 23-PHASE III

DEPOSIT DISTRIBUTION
Loop Q/A.Btu/hr.ft2 Heated/Unheated Side Block Location Gm/Linear FtA 150,000 Heated 20 1.033A 150,000 Heated 19 0.832A 150,000 Heated 17 0.543

A - Unheated 20 0.186A - Unheated 19 0.252A - Unheated 18 0.106A - Unheated 17 0.144
B 150,000 Heated 20 0.587B 150,00C Heated 19 0.689B 150,000 Heated 17 0.475
B - Unheated 20 0.347B - Unheated 19 0.451B - Unheated 18 0.581
B Unheated 17 0.396

DEPOSIT ANALYSIS
A Loop B Loop

X-Ray Dlffraction Major, >30% Fe 20 3, Fe 3O4  Fe 30 4, Fe 20 3Minor, 8 to 15% Cu, CaP(P0 4) 2 , CuTrace, <4% Mg3 (PO4 )2 Mg3(P0 4) 2Spectroraphy Major, > 15% Fe Fe
Lo Major, 8 to 15% Cu Cu
Minor, 3 to 8% Ca Ca
Lo Minor, 1 to 3% Mg MgChemical Analysis, % SO3  Neg. Neg.
CO 2  Neg. Net.
P20 5  10
50O? <1 <1
Fe304  65 68
Ca0 7 6
Mgo 2 2
Cu 14 11

TABLE VII
TEST 3B-PHASE III

DEPOSIT DISTRIBUTION
Loop Q/A-Btu/hr-ft Heated/Unheated Side Block Location Gm/Linear FtA 150,000 Heated 20 0.4343A 150,000 Heated 19 0.6583A 150,000 Heated 18 0.8641A 150,000 Heated 17 0.8528

A - Unheated 20 0.0196A - Unheated 19 0.0278A - Unheated 18 0.0444A - Unheated 17 0.0323
B 150,000 Heated 20 0.79808 150,000 Heated 19 1.0686B 150,000 Heated 18 1.0516B 150,000 Heated 17 0.8505
B - Unheated 20 0.0112B - Unheated 19 0.0382B - Unheated 18 0.0362B - Unheated 17 0.0427

DEPOSIT ANALYSIS
A Loop Ba oopHeated Side Unheated Side Heated Side Unheated SideX-ray Diffraction Major, 30% Fe 203  Fe304 Fe203  Fe 20 3  Fe304High Minor, 15 to 20% -- Cu e0

Minor, 8 to 15% - -- Fe203 , CuTrace, <4% Fe 30 4. Cu Ca.(P0 4 2, CaCO3  Fe 30 4  -

Si0 2(Quartz)
(Analyses confirmed in two laboratories)

Spectrography Major, 15% Fe Fe, Cu Fe Fe
Lo Major, 8 to 15% - - - CuMinor, 3 to 8% Si, Ca- Si
Lo Minor, I to 3% Cu. Si Mg Cu, S1 Ni, Ca, MgQualitative Slight P0 4  Trace P0 4Trace CO3

Chemical Analysis, % P205 3 4S01
FeS;6 93 93Cu 1 1

10



prior to starting this run. Subsequently the test sections

were installed and the loop was placed in operation.
Equilibrium hydrogen concentrations of 100 ppb were
experienced shortly after start-up.

The initial introduction of seawater condenser leakage
rapidly depressed the boiler pH to approximately 4.7(Fig. 17). With the exception of a short duration :

increase in hydrogen evolution (Fig. 16) when the first
introduction of iron oxide and copper was made, no
increase in hydrogen concentration was observed
throughout most of the first day's operation with
depressed pH boiler water. The fourth injection of iron
oxide and copper tuiggered a massive increase in
hydrogen evolution which produced concentrations as
high as 550 ppb. Appioximately one hour after this
excursion had begun the pH of the cooled boiler water
sample was restored to specified limits by the introduc-
tion of ammonia. However, the addition of ammonia
appeared to have no effect upon the rate of hydrogen
evolution. Due to the high reflux condenser hydrogen

Fig. 9: Upper-Appearance of deposits formed on tube
surfaces during Test 28

Lower--Tube surface after removal of deposits Fig. 10: 1OOX photomicrograph of he deposit cross
by chemical cleaning section from Test 28

TABLE VIII
TEST IC-PHASE III

WATER ANALYSIS
N Cond. Na Ca Mg CI $04 Fe Total Cu Total $102DATE TIME ppb pH p, mhos p pp p p pmippm pp m ppm8/9/66 0900 216 8.78 20 P0.2 race Neg. .6 - - 0.2020930 BEGAN SEA WATER ADDITION1000 154 8.38 66 8.8 0,4 0.5 14.8 - 0.008 0.040 0.2261100 290 7.13 155 24.3 0.4 2.2 46.5 - - - 0.2401200 5640 5.95 230 39.8 0.4 2.9 77.0 - 0.036 0.32C 0.2451300 765" 5.50 265 48.0 0.8 2.9 81.8 1.4 - - 0.2841400 900" 5.70 265 47.5 0.8 3.2 81.1 2.3 0.209 0.840 -1500 1059" 5.75 265 48.0 0.8 3.2 83.7 - - - 0.295160 1116* 6.00 205 34.5 0.8 2.7 61.9 - 0.106 0.904 0.3271700 1128' 8.90 145 19.5 0.4 1.2 41.5 0.2 - - 0.3251800 1143' 8.90 130 18.5 0.4 1.2 37.4 - 0.168 0.256 0.3501900 1095' 8.85 120 15.3 0.4 1.0 33.7 - - - 0.3502000 10770 8.85 110 18.8 0.4 1.2 29.6 - 0.044 0.808 0.3752100 1026' 8.85 71 10.3 0.4 0.7 18.8 - - - 0.3302200 906' 8.',0 51 6.8 0.4 0.2 7.3 - 0036 0.368 0.3102300 7500 8.8i 37 5.6 0.4 0.2 8.4 - - - 0.310

2400 678" 8.95 33 4.8 0.4 0.2 8.0 - 0.012 0.048 0.3100100 482 9.00 28 4.0 0.4 0.2 5.8 - - - 0.2900200 424 8.95 18 2.0 0.4 0.2 2.6 - 0.104 0.944 0.2900300 336 8.92 15 1.5 0.0 0.2 3.4 0.6 - - 0.3000400 276 8.90 13 1.2 0.0 0.2 2.6 - 0.012 0.068 0.3100500 223 9.10 13 1.0 n 0 0.? 22 - - - 0-0600 205 8.80 ic 0.8 0.0 0.2 1.9 - 0.020 0.128 -0700 177 8.90 8 0.6 0.0 0.0 1.4 - - 0.3100600 191 8.90 8 0.5 0.0 0.0 1.5 - 0.240 0.112 0.340*Cakuhot reflui cod. hvdro960 ceeroftreatim froem drum meam sampe.
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TEST 38 PHASE X 6/5/66 - 6/20/66
HYDROGEN IN STEAM SAMPLE

600 - I I 1 _

NOTE: SAMPLE POINT '-10500 FLOWRATE I0 GPH

i400---- -

300-- --------------.--
_,

AA

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16
DAYS

FRESHWATER ADDITIONS

Cu 8 Fe3 04 ADDITIONS

TEST 38 PHASE M 6/5/66 - 6/20/66
TEST CROWN TEMPERATURE RISE100-l

--- BLK. 19
80 ------------ --- BLK. 20

1*.

40 __

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

DAYS
Fig. 11

concentration and the rate of temperature increase injections of seawater. Hydrogen concentrations began
noted at Block 19 A, only one additional injection of to rise immediately upon depression of pH, exceeding
iron oxide and copper was made during this run (total the full scale reading of the hydrogen analyzer for
added - 500 gr). As shown by Figs. 16 and 17, h ydrogen approximately a 13-hour period. During the second day
concentrations increased in spite of re-establishing the of operation, no significant reduction in hydrogen
pH. Boiler water conductivity was reduced by blow- evoution was experienced until the boiler water solids
down for approximately 8 hours before a reduction in were reduced by blowdown. After this massive hydrogen
hydrogen evolution was noted. Hydrogen concentra- excursion, it was found that the Block 19 A tube crown
tions decreased to approximately 150 ppb during the temperature had increased approximately 45 F. No
night. appreciable rise in temperature was noted at any other

No further additions of iron oxide and copper were location.
made on the second day of testing; however, seawater Based upon the hydrogen evolved during thee two
condenser leakage was added throughout the day shift. days of operation and the accompanying rapid rise in
An immediate depression in pH resulted from the initial tube crown temperature. it appeared that extensive

12



TEST 38 PHASE n 6/5/66 - 6/20ia6 I
BOILERWATER CONDUCTIVITY

600

0i500-

• 400

020 0---0

z 100
8

0 1:2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

DAYS

FRESHWATER ADDITIONS
M- r- 1 r-1. M-' ri M' M M• M r' i f-n M-

TEST 38 PHASE M 6/5/66 - 6/20/66
BOILERWATER pH

10
9

SDAY
5

1 2 :3 4 5 6 7 8 9 10 11 12 13 14 15 16
DAYS

Fig. 12TEST 35 PHASEN

PHOSPHAT WI" E m OUT corrosion had occurred at the Block 19A location. On
this basis. it was decided: first, to decrtese the beet flux

z ILOlate in the afternoon of the second day of operation.
Wi ' end second, to terminate the test once the hydropenconcentrations had been restored to normal level.

Shutdown was initiated at approximately noon on the
third day of testing. Throughout the period of the

0-0 "$Lee VAy3 *&vote excursion and the restoration of loop cotditions to
normal. hourly boiler water and millipore flit, r samples
were taken. Results of the analyses of these samples are
included in Table VIII and IX.

O 1 a . . . a 7 7 1 nspection of the test sections reverea thai corrf@on
TIMe - NOUNII was not restricted t) the Block 19 location. Corr'sion
Fig. 13 sites wpr found throuighut both the, Sigh and low

13



TABLE IX

TEST IC-PHASE III

X-RAY DIFFRACTION ANALYSIS OF MATERIAL FILTERED* FROM BW

Dat Time Major Minor Traue Possible
8/9/66 1030 Cu 20 Mg(OH)2 Fe 3O4, Cu -

1135 Mg(OH) 2  Cu20 Cu, Fe30 4  -

1200 Cu20 Mg(OH) 2  Fo00 4, Cu -

1300 Cu20 Mg(OH) 2  F9304, Cu -
1400 Cu 2O Mg(OH) 2. Cu FegO --

1500 CU2O, Mg(OH) 2  - F6304' Cu -

1700 Mg(OH) 2  CuO Cu, F&30 4, Cu 2O -

1800 Mg(OH) 2  Cu 2O, F.,O4  Cu -

1900 Cu2O, Mg(OH) 2  - Fe304, Cu -

2000 Cu2O, Mg(OH) 2, Fe304 - Cu -
2100 Mg(OH) 2  Cu2O Fe 3 0 4, Cu -

2300 Mg(OH) 2  - Cu 2O, Fo30 4, Cu -

8/10/66 0200 Mg(OH) 2  - Cu 2O, F@30 4 , Cu -

0400 Mg(OH) 2  - Cu 20 F* 3 0 4, Cu
0600 Mg(OH)2  - Fe304 Cu 20, Cu

2(Mg.9Fe. 1)OSiO 2
0800 Mg(OH) 2  - Cu 2O, Fe30 4 , Cu 2(Mg.9Fe. 1)sIa02

*DAG memo me ofte

heat-flux zones of the "A" and "B" test loops. In-
spection of the metal surfaces revealed that corrosion
sites were covered with a dense brittle oxide (25-mils
thick) anid that uncorroded areas were covered with a
thinner less dense material (Figs. 18 and 19). Deposit
distribution and analyses are included in Table X.
Specimens from the test sections were removed and
chemically cleaned using the standard hydrochloric
acid. ammonium bifluoride, and thiourea solution. The

deposits were difficult to remove, requiring several
hours soaking in t he solution and considerable agitation.
The underlying metal revealed that penetration had
occurred to a depth of apprx ximately 5 to 6 mils in
random plugs approximately the size of a half dollar.
The surface of the metal at the areas of attack appeared
to have an etched appearance while the uncorroded
portions of the heated and unheated tubing appeared
normal. Metallurgical examinations of the corroded
specimens •.owed that no changes had occurred in the
metal structure.

Fig. 14: Upper-Appaomtuec of depoviis forsned an,
tub. surfoac du.rn Too 3S

LowI -Tube s•wrfc after removal of dpo Fg 15 JOOX photomkrogroph of Ow deposft v
by chmAol dsn, g asectm frowm Too 38

14



TAKEI X

TEST IC-PHASE III

DEPOSIT DSTRIIBUTION
Loop QIA-Bttelhr.ft2 Hoeted/Unheated Side oleck Locatio Um/LUea Ft

A 150,000 Heated 18 2.6626A 150,000 Heated 17 3.1752
a 150,000 Heated 20 2.4959B 150,000 Heated 19 0.4857B 150,000 Heated is 0.07968 150,000 Heated 17 0.0360

A&B Unheated 17-20 ,,0.01

DEPOSIT ANALYSIS
A Loop Loop AOdW LoopCoroded Am Umcoreoded Area Corroded Am Unceweded Ana Umoald SWieI-ray Diffrction Major, >30% F9304 MI(OH)2  F%0 M,(O4) 2  F*1Os

Minor, 8 to 15% - CaSO4
3MfO.2SJO,.2HlO(Serpentine)

Lo Minor, 4 to 8% Mg(OH)- Mv(OH)2  3M ).2S N.2IO-
(Srpentie

CaSO.
Trace, <4% 

Fe@O-
Spectrovaphy Major, > 15% Fe Mg. Fe Fe Fe, Mg FeMinor, 3 to a% Mg SI, Ca Mg IILo Minor, 1 o 3% Cu SI Si, Cu Co, Cu Cu. Si. MgQualitatve - Slight SO, -

Chomisal Analyis, % SiO 1 5 1 Insufficient Sample
F*X0 4  6 32 91
coo 6 -M6O 4 33 5Cu 3 a. 1S03 Neg. 7 Nag.CO2  Nag Nel. NOS.
P20, <1 <1 <1

TAKLE XI
TEST 2c-Pmm III

WATER ANALYSIS

CT iE p o w. me Le a P04  0l 204 Fe Tow Cm Totaw 50T TIME PH left" ome ppm ppp pPoo po9/20/66 0900 51 10.0 52 6 0 0 7 3 0 0.020 0.122 05601000 57 9.6 68 9 0 a 3 13 2 - - 0.4031100 48 5.7 140 20 0 0 1 35 3 - - 0.1121200 51 417 192 37 0 0.2 0 60 - 0.190 0.550 0.0791300 53 4,7 196 34 0 0 0 54 - - - 0.0661400 63 4.8 192 30 0 0 0 SI - - - 0.064is10 64 4.9 176 25 0 0 0 43 - 0.124 0.490 0.0641600 102 48 152 - 0 0 0 - - - 0.0841700 169 8.1 200 - 0 0 8 . . ..1800 231 9.3 160 21 0 0 10 21 - 0.090 0.00 0.1401900 100 10.0 175 21 0 0 11 26 - _ - 0.1042000 62 9.9 150 is 0 0 10 22 - - - 0.10C2100 60 9.9 130 Is 0 0 9 19 - 0.060 0.002 0.6102200 52 10.0 115 12 0 0 10 14 - - 0.S522300 51 10.0 90 10 0 1 10 6 - - - 0.31O2400 S1 10,0 75 a 0 0 9 6 - - - 0.723

is



TEST IC PHASE Z 8/7/66 - 8/10/66
HYDROGEN IN STEAM SAMPLE

600
50 NOTE: SAMPLE POINT S-10

FLOWRATE a10 GPH

if400

1 200 _ _ _

S100

DAYS

SEAWATER ADOITIONS

Cua &F03 04 ADDITIONS

TEST IC PHASE M 8/7/66 - 8/10/66
TUBE CROWN TEMPERATURE RISE

100 
- OLK. 19I

so -- BK2

i ~60

40

20-

0 2 DAYS

14v - Test 2C. Phmase /it was noted. Iron oxide and ovmwr additions wei, begun

Cooredinated Phaphate Boiler Water Trratmfent onl the third operating day and submqxently pit
- phi - 9.8 14 10.0 exc-urstms wpmr acmeponied by exeunaonain in hydrogen

D~irty Boiler Cirndiitior% Seawater ( (menvir evoluton.utvt T ayhe efet1f-waen inIirvd. to on p.

leakage Sewater injectiom was stopped cm tive thirterrnth day
An equilibrium bhow hydrogenrii etrio " i f. oprruti-bm Vince the tube conm teroperatures, at all

approximately 100 ppb wax estabis~hedI qb arlk slier test Worst ions bd inorwesod ito high values. Blort 210A
start-up jgi h.10). On the fitllowing do% vawater nkn- experienced the greatest te~mperature rim.e apppixi-
tamnivant aiddat son was% beguin;howtevir. t he ,.atriduct'om miately 10(1 F. Iydnagen eovwentiroitwon remained at
oft-ohprwr and Irvin oixidr. wait delayed mp that the itrectsi apprvilamately 50 ppb forth Ow.lat ureral days of
(if cvmdrnner leakage rimld be tibwrved wiltb-sut cothmer ijtoealtbro with nt- inddillorisif or"Water ctrntaminants.
rmtiaminants pr,*wnt. In "Irt4 eat deprerni.mn in phi too Table \I shciws t ypical onalyps of the kxbiler water
appr'iimmatel) 5.0. its, increawr in hydnrogn ev-Autaamn durnn a prr~ied eat rindrimea "ekagr. defining the range



TEST IC PHASE M 8/7/66 - 8/10/66
BOILERWATER CONDUCTIVITY

600

500
~.400

t 300

Z 100

023 4

DAYS

SEAWATER ADDITIONS

TEST IC PHASE N 8/7/66 - 8/10/66
BOILERWATER pH

10

9I I

V/x 8-k.
6

5

4-
4 2 3 4

DAYS
meg. 1.7

TAME RN
8M €c--pNUm m

X4tA wmFFTam AmuAYsIm OF nAmTZL nLTm now ow
00" T~w NO* EwmrTa

9f20,66 0700 Cu CuyO. Fe0 -- --

0900 ho LAS

1100

120013100
1400

1600 No Lbma
1700 C. 30 - C. e;0 FA
lo00 cuo OO, Cu F*AO
1900 F06. Cu Cuj.. F.O
2100 Cu F.•,OCuj - -

2200 CU. F*4j--
2300 F*1O, Cu CU3 -
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of chemistry from the time prior to the introduction of

contaminants, through a pH-hydrogen excursion, and
the period when control conditions were re-established.
Analyses of millipore filter residues are also included
(Table XII). During shutdown of the loop phosphate
concentrations increased as shown by Fig. 22. Exam-
ination of the test sections reveal' that the internal
surfaces were covered with a dense deposit approxi-
mately 40 mils thick (Figs. 23 and 2$). The distribution
and composition of deposits are shown in Tab, XIII.

Deposits were removed from specimens with great

difficulty by chemical and mechanical cleaning, and the
underlying metal was examined. CAmsiderable surface
pitting to a depth of approximately 5 mils was noted.

This random attack was observed throughout most of
the heated surfaces.

Initial metallurgical examination revealed some
surface decarburization in localizd areas. In order to

ascertain the signi&fance of the deca.rburization, it was
decided to examine the ductility of the material. It was
felt that such a test would indicate whether or not
incipient hydrogen damage was present. Tensile test
specimens were prepared from sectionm of the heated
and unheated sides of the tubing. The specirens werp

pulled to failure and sections were removed for metal-
lurgical examination. As shown by Fig. 25. no fissuring

was present nor km of ductility experienced.

Fig. 18: Upper-Appeornc, of dapofS fomed on Log Test 3C. Phase M1l
SuS ci -o o -03,6V Free Cauwtic Boiler Wmater Treatment pH = 10.5
ham Ted 1C to 10.7

Lower-Tube awfoce oftw reawoi of deposi DOirt% MOiler Ceoditions Seawater ('onderiver
by caecol dam" Leakae

k base hydriagen rcinentratio of appr sloimateiy
100 ppb was, r-tabislid .Iuwtlv after Startup and se-
water addition was brgun,. Gqolpr and irnm oxide
injrctiions were delayed fwr an additisnal day. ks ,shtown

in Fig4. 26 and 27. the introductimn of .awsater con-
demier leakage delpwr*.d the till during each ,f the

first 12 days ,if ,l.wratiim. \e,, incrmeaos in hydrgen

rimncntratin ,vutirred with him till -1.wratitin until

after the injeion-m -f Iprmiolrr rmrtaaran Widuria.
Eit''sion in jill grnewrafll resulted in tincrmrea in

h-dnwr'n emlutn.; lW),rwer. on the last three days of

tjltraleim neither ,-nificani rhianp-s in ptl wir .vdor ,-

grn "rea ntr*tla were ne~ted. " Dunne thI" I•,rmi the

jnr~reaw It, "ki.w-imool at uns the %ame as had bmgim

.- - •rlnenrcd with la s-r t ist additions ,if Wawater.

Fig 19 1OON p~wboam~ciogVop of Ows cdapoO oa. T"~ \11 ihlaaitrstr tips-al %anatuansm in 1oilerr

"ucla from NO IC water rhwnnr. dunne a pll-h.drvien exrta~si

_ _ _ .



TAKBE XIII
TST 2C-PHAW III

DIEPOSIT iSTNIUTON
Leep Q/A-t/It 2  Heetsd/Umheeld Side h@IN Laetoe"G /Lheow FtA 150,000 Heated 20 5.5755A 150,000 Heated 19 7.3672A 150,000 Heated is 3.3642A 150,000 Heated 17 1.8360

A - Unheated 20 0.0167A - Unheated 19 0,0187A - Unheated is 0.0099A - Unheated 17 0.0313
a 150.000 Heated 20 0.7143* 150.000 Heated 19 0.6903a 150.000 Heated 18 0.5172* 150,000 Heated 17 1.399
6 - Unheated 20 0.0611- Unheated 19 0.03253 Unheated is 0.0487B Unheated 17 0.0962

DEPOSiT ANALYSIS
Aee, 0 LOeO

Xray DIwrote F*eO4  F"Oa Cu
H~i si. 1 to 20% fO
La Minor, 4 to 8% -M90042 FO

Trace, <4% F*A0. CaCO, Cu
Spec6er*Pmhy Maior. 15% Fe Fe Cu. FeMinor. 3 to 8% No Ms. Ca. Cu. NaLo Minor Ito 3% Mg, Ca, Cu SI Mg.l . CaQ0mlitative Consideraib PO Considerable PO, Slih P0 4Trace CO, Trace SO4

Trace CO,

1 291 3sk0 1 1 2
F 56 65 21CaO 1 3 2M6O 2 5 3NeO 12 6Cu 2 3 70

TAKE XIV
TEST SC--KAStE III

WATIE ANALYSIS
Clau. me Ca U, ON PO, so, re F, ceDATE TIME Pm a 1 • O IMP o Pom m IrM pprn pm pPm ppm PIONl0f26/66 0900 219 10,6 110 - - - - 23 - - - - 0.0240900 225 106 120 - - - - 1.5 - - - 0.0251000 186 10,4 105 12 0 0 3.23 0.4 10 - 0046 0.012 -1100 144 10'1 150 21 0 0 1 19 0 26 5 - - 0.0301200 108 9.5 .85 30 0 0 - 0 36 - 0.004 0.011 -1300 87 8.4 265 4 0 0 2.38 0 52 a - - 0.0541400 7? 55 320 52 0 0 0 C, 66 - 0.027 0.112 -3500 72 4.6 395 70 0 0 0 0 82 14 - - 0 1041600 300 45 430 76 0 0.2 0 0 82 - 0.101 0.106 -1700 365 5.2 350 S6 0 0 0 0.4 76 10 - - 0,0741300 513 10.2 260 44 0 0 4.06 0 6 40 - 0.032 0.017 -1900 260 10.6 230 36 0 0 5.61 1.0 30 8 - - 0.0312000 194 10.6 215 36 0 0 5.27 1.0 30 - O.005 0.012 -2100 194 108 215 37 0 0 6.3 1.O 27 5 - - 0.0"2200 204 10.6 165 29 0 0 4.8 0.6 z1 - 0.003 0.011 -2300 190 10.5 ISO 22 0 C 3.2 2.2 16 7 - - 0.1042400 210 10.7 165 30 0 0 9.) 2.2 16 - 0001 0.012 -I1027.44 0 100 336 10.7 200 20 0 0 6.3 2.2 12 5 - - 0.104

0200 307 107 160 is 0 0 4.6 1.0 9 - 0-003 0.015 -
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TEST 2C PHASE ZII 9/11/66 - 9/26/66
HYDROGEN IN STEAM SAMPLE600 ... I 1 1 1 1 1

500 - - NOTE: SAMPLE POINT S-IO

FLOWRATE / I0 GPH
400 1....

300- -

I "
0 2 3 4 5 6 7 8 9 1'0 11 12 135 14 15 16

DAYS

SEAWATER ADDITIONS

Cu a Fo304 ADDITIONS

TEST 2C PHASE 1Z 9/11/66 - 9/26/66
TUBE CROWN TEMPERATURE RISE

120 - ,.
- OLK. 19

100 --- BLK.20
,, . BLK. 23 8 24

; ~ ~40"""-

DAYS

Fig. 20

re-ulting from seawater injection. Aleo included (Table considerable attack in various areas (Fig. 29). Corrosion

XV) are analyses of millipore filter residues accumulated sites were similar in appearance, but smaller than the
during the same operating period. Figure 28 shows the plugs seer. after test IC. The depth of corrosion was
phosphate hideout data obtained during shutdown. A estimated to be approximately 10 mils maximum
maximum tube crown increase of 30 F was experienced penetration. Metallurgical examination revealed no
at Block 20A. changes in metal structure.

Examination of test sections revealed that the l
internal surfaces wk~re- covered with a relatively porous DISCUSSION OF RESULTS

deposit approximately 45 mils thick (Figs. 29 and 30). The discussion of results is divided into two sections
Distribution and analysis ,of the depo>sits are. listed in each of which includes observations from the six tests of
Table XVI. The deposits were removed from the test Phase. Il11, Groups B and C, as well as comparisons with
surfaces by chemical cleaning with the standard hydro- the previously reported results of the Phase II|, Group
chloric acid, ammonium bifluoride, and thiourea solu- A tests. The two subjects discussed in these sections
tion, and the surftice inspected. Examination revealed are (1) deposits and (2) corrosion.

20
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TEST 2C PHASE X 9/11/66 - 9/26/66
BOILERWATER CONDUCTIVITY

E
400 -- "- --

300

a z l
z0 00-"
0Q

1 2 3 4 5 6' 7 8 9 10 11 12 13 14 15 16

DAYS

SEAWATER ADDITIONS
1`77 M 1`7 1 M- 1`71 1771 17' 1 17-71 r77 r-1

TEST 2C PHASE M 9/11/66 - 9/26/66
BOILERWATER pH

II

10 -

9

x 8-

7-

5--
4 2 3 4 5 " 7 - - -0 1

DAYS
Fig. 21

TABLE XV
TEST 3C-PHASE III

X-RAY DIFFRACTION ANALYSIS OF MATERIAL FILTERED FROM BW
Date Time Mjow MInor Trace Possible

10/26/66 0900 No Residue on Filter
1000
1100 Fe,0 4  - -

1200 Fe 30 4  - - 3 faint lines unidentified
1300 Fe304 CuaO -
1400 Fe 304  - - 3 faint lines unidentified
1500 - - -

1600 Fe`,0 - -

1700 Fe304 - -

1800 No Residue on Filter
1900 Cu Cu2 --
2000 Fe30 4  Cu2O Cu 3 faint lines unidentified
2200 Fe 304  - -
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TABLE XVI
TEST SC-PHASE III

DEPOSIT DISTRIBUTION
Loop Q/A-fta/hr~ft2  Heated/ Unheated Side Block Location Gm/Linear Ft

A 150,000 Heated 20 4.5867
A 150,000 Heated 19 1.4889
A 150,000 Heated 18 1.7067
A 150,000 Heated 17 2.7601

A -Unheated 20 0.2329
A Unheated 19 0.1725
A Unheated 18 0.2258
A -Unheated 17 0.2815

B 150,000 Heated 20 2.03 19
B 150,000 Heated 19 1.4352
B 150,000 Heated 18 2.7256
a 150,000 Heated 17 2.3906

B Unheated 20 0.1673
B Unheated 19 0.1774
8B Unheated 18 0.0935
B Unheated 17 0.1020

DEPOSIT ANALYSIS
A Loop 8BLoopIHeated Side Unheated Side Heated Side Unheated Side

X-ray Diffraction Major, 30% Fe304  Fe3O4  Fe3O4  CU
Minor, 15 to 20% -CU CU CU2O, Fe304, Fe2O3
Lo Minor, 4 to 8% CU Mg3(P00)2  Fe2O3
Trace, <4% -Fe 2O3

Spectrography Major, 15% Fe Fe Fe CU, Fe
Lo Major. 8 to 15% -CU cu, Mg
Minor, 3to 8% Cu Mg ca
Lo Minor, I to 3% Mg, Ca, Si ca. Si Si, Na

Chemical Analysis, % SO3  Neg. Nag. Neg.
C02  Neg. - -

P205  5 5 10
S10 2  1 1 1
Fe203  - 27
Fe304  84 90 71
Cao 2 2 3
Mgo 3 4 7
Cu 7 10 10 68

(EST 2C PHASE II
PHOSPHATE HIDEOUT esa

The second progress report on "A Research Study of
~ )Il lii IInternal Corrosion oIf High Pressure Boilers," described

a. some observed trends in the deposition of corrosion
cmi ,, r~.T .prodlucts and their relationship to loc~al heat flux and

mixture quality. The results of the last six tests, during
which condenser leakage as well as co)rrosion products

to 0 were injected, reveal some diff'erenices in the distribution

of deposits on heat transfer surfaces from those pre-

2'o.1. viously reported. In general, during both groups of
test%, the deposition of contaminants was greater at the

~ . , ~ ~ ih etflux than in the lower Iwat-fluix locations;

Fi.22 efcduigtests with condenser leakage.
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S ,Fig. 24: 250X photomicrograph of the deposit croa
section from Tedt 2C

Fig. 23: Upper-Appearonce of deposits formed on
tube surface during Test 2C - . ,.,•

Lower--Tube surface after removal of deposits . \-\ , r>)
by chemical cleaning

The weight of deposits found on the tube surfaces

from the volatile and coordinated phosphate tests.

with fresh water condenser leakage. did not vary

significantly from the corresponding tests during which
only simulated preboiler corrosion products were em-

ployed. However. the presence of precipitated salts

resulted in the formation of slightly thicker, less dense .M

deposits which induced greater increases in tube metal

temperatun, (20 to 27 F vs 0 to 7 F).

The results of the free-caustic-treatment. fresh-water

(o.udenser-leakage test were vastly different from tli(.'e

of t lie previous caustic test duri ii g %ich I ihavy deismits

of iron oxide and copper acci-tiiCulated and severe corroý-"

Sionl occurred. Neither additimos of ir, , oxide and

copper nor injectio,,s of fresh-water ,,,deiiser leakage

produced elevations in lub e-metal temte'rature (or1e 1-

parable it the earlier test. The snmall incre.ases , ii Fig. 25: Upper-250X photomicrograph of t section

temperature which resulted frim ahdditios. if corrosion tube metal after Tes 2C

produ.cts wer-' short li i'd izn coitire.t t he ln iter Lower--OOX photomicrograph of test section

duratiom ('yc'les pre",io;slN exl.'rieic'4l- These daltat, tube metal after tensile test.

23



TEST 3C PHASE X 10/16/66 -10/31/66
HYDROGEN IN STEAM SAMPLE

6 0 0 - - - - 1- 1 ____________

NOTE: SAMPLE POINT S.lO
50 --0- FLOWRA*E 10OGPH-

j 400

2F 300--

Cu a F03 04 ADDITONS

TEST 3C PHASE = 10/16/66 -10/31/66
TUBE CROWN TEMPERATURE RISE

100- 
BL. 1 9

8 0 - - -- -ELK 20
-OLK. 23 a824

40-

20 -i -- --

DAYS
Fig. 26

suggest that differences in the chemistry of the system Duringboth the frrsh water and seawatercontamninant
(with fresh-water condenser leakage) prevented the tests. freque'nt %amples, were takeni to determine the
formation of stable deposits of preboiler corrsioin insoluble, phases formied. I t is wort hy of note thait wit h
products, but one exception no precipitated iA.rdness was detected

Data from the three tests with seawater condenser in large samples (8 to 10 liters) filtered through either
leakage showed that deptosit ion on heat transfer surfaces 0.1 or 0145 micron pore size filters. The exception
was greater than during [the fresh water tests. This is in occurred during the run with volatile treatment and
accord with the relative quantities (of hardnesssalts in seawater condenser leakage when magntsium hydroxide
the rebpective contaminant solutions. 1)evysition of was found on the filters. All of the depiosits removed
comwion products did no~t appear to be .Aglinficamitly fro~m the heast transfer surfaces conitained pirecipitated
greater, however, they were found to play a key role in salts. The results indicated that pr'ecipitat ion of calcium
the initiation of caustic attack as wq-ll as other tviies of anid miagnesium c4ImiN)inds occurrrd at thle heast t ransfer
comrmion during this group of tests. These results are surfaces or within the matrix of depoosit oin the surfaces
diaK'useid in detail in the section onl corrosion. rather than in the bulk boiler water.
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TEST SC PHASE 2
PHOSPHATE ISDEOIJT The, last test in this series was run with free-caustic,

low-phosphate treatment. The results were much the
0.6 same as those from the coordinated-phosphate run withI

the exception of the greater amounts of free caustic
alkalinity in thie boiler water arid the depletion of the

* ~entire p~hosphiate residual during periods% (if simulated
condenser leakage.

to. The absence of gouging attack, such as that experi-
W P LOO PM9SWCenced in a prior caustic test, appears most closely

0~P MOIO m related to the formation of deposits, although other

O* COO.D. N ,I factors play a part. The data fromt the earlier test.
0.- whichI was run under similar conditions but without

simulated condenser leakage, reveal that substantial
deposits formed immediately upon the injection of

Fig. 28 corrosion products into the loop. Tliese deposits were
sufficiently stable to sustain an elevated tube-metal

Coe"rwion temperature and a correspondingly high corrosion rate

Inspection of tube specimens from three tests per- for periods in excess of one day after each group ofIformed with both fresh-water condenser leakage and coutaminant injections. Comparisons of thes"e tempera-
corrosion product contamination revealed that no ture anid hydrogen dlata with those from the tests withI
detectable corrosion had occurred. This absence of
corrosion under severe heat transfer condition!, in the
presence of these contaminants may be explained by
the nature of the observed deposits and lthe concurrent
boiler water chemistry.

The most obvious effect of thle addit ion of fresh-water
condenser leakage during the volatile run was an
elevation in plf from thle range of 8.6 to 9.0 to appro~xi-
mately 10.0; the increase resulted from the thermal
decomposition of tile bicarbonate% added to the boiler
water. Calcium precipitated at the heat transfer surfaces

and deposited. primarily, as calcium sulfate.M~agnesium

concentration for poisitive identification. The niet result
ofteinjection (fmoderateamutofti yWf

condenser leakage was, therefore, a change ini botiler
water chemistry friim "zero soIids," volatile treatment
to a low-level fre-q'auistic treatment with neuntral salt%
in iolution (soodiuni stilfate' and s-Adiuim chloride). This
chemistry, in vionjunticion with lthe relat ively t hin.
dense dlepoisits formed. awl lte- reult~ing mofderatle
incri-ase ini tube metal temperature '31) F). did wiot
contwiitute anl aggror".uv.' environment.

The remults oif the# ivurdntd-h'slt tet err

inimilar. v it it lirexeuept sin flint I siurim ar'd maiietanim-1
precipitated a% pihimp~hnite-. The e'lir-'sr~aarre-
art ion resutlted Iin 16idwr vi ico'nitrat i ins oaif *tjlfatc' fit
ogihtil io t liuii chirin'I ti %w 'a lai il rimu. T'he sinmailit mo -if
vondens-er leakagm, in e'ffrs't- . ianl ciaint Itt ui.o-l a rhalsage Mn

boii~er water chirmlir.tr frim iriac.halw.te
Itim-oraus am- jobahi. isahilc Ore ainwti S #t i hiagher li. atn

!iib~a giiuiii -hnav i~~lh~ ~aur.~'~. Fig. 29. Uppee-A~pporonare ef deposts formaid on
110'%i ~oihi-iiati"iu oaf siter chienili'tr'a. guiv r'Oti~.lube ,surfaces during Talail 3C
thIian Ismaras dep.aMItI%. snit A a result ItIt11 211VI I I I iuf'I- Ir I I M.r lommiew - Tub* furface oftw removai of deposts
mtetal tr-mmiomtasre ska% not a'famefta'ae ft lea tt iti-tiol, by cheamica cleanig
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each test revealed the importance of the deposits with
respect to the initiation of corrosion. It was found that
a ptf excursion (41.5 to 5.0) resulting from the injection
of seawater leakage did not result in anl increase in
corrosion rate until the heat-transfer surfaces had
become fouled with deposits. Puring these tests tice
initial fouling resulted from the addition of corrosion
product contaminants.

The results of the caustic test are of particular interest
since on some days high rates of hydrogen evolution

~ occurred alternately in both the acid environme~nt
created by the seawater injection and the alkaline

* environment produced by boiler water control with
sodium hydroxide. The phenomenon is defined by the
p11 and hydrogen data from this test. The data also
shows that increases in hydrogen concentration did not

-always accompany ptf excursions nor did significant
reductions in pH occur with each seawater injection.
These exceptions to the normal pattern are not clearly
understood.

Test data (principally from the volatile test) indicate
that plf excursions and thee accompanying corrosion
o(curred as a requit of the reaction of magnesium ions
with Ii biler water. Ini the absence (of a residual buffer.
magnesium precipitated as magnesium hydroxide.

Fig. 30: IOOX photomicrogropl of olie deposit cross thereby reducing fihe livdrvoxyl ion concentration in the
section from Test 3C boiler 'water. This rea~ction' resulted in an effective

reduction of tile bulk water pi) to approximately t.5.
fresh-water coneede~nser leakage revealed sigalificanit differ- Since ammonia remains virtunally unrdissociated at tflie

"eesDliriieg tilie lattecr. Pach additionIl of iron oxide and oeejerat ing conditions of these tests (2600 psia. 07 1 IF) its
('opitoer re'sielted in ooel% nieceir iice'reasiets in It eee-metal injection !o control phi provided no effective buffering
te~niiifralt ire' antd h~drtw cg'ieoicecit rat ion. feillei~ed by and. t hiecwfore. thle reaction of magnesium with the
raid tgcil e.'ce'as i to fliee'%.allies. boiler water continued to be thee controlling phenom-

Tue. intr0 cciect ioi 4)fee fre'shiiotae'r veeedeosiror leakage' enoi. Iin flie cooli boiiler water %ample. distsociated
eejp.'or tA 1ie 4' redceec tAi'eeteei iic fienee tlid ammnonia provided stiflicient hyvdro xvi ion conrcentrat ion

n'e clwir co Psitt aneiciccN. tirb ininiuizig t lee 4'ei1ci- fe r 'cmeplete prec'ipitat ion of thle socluble magnesium

;heriteim ilne'e'eitrit ice cif e'eeecsie tod cit ter sdlts ait thle' aced anl elevation oef theesamnple phI te thle 4'cectrol range'.
delri', ,i -initel icte'rt'zge'. 'Te'he p-en'tciv elf '%eihsattecl ial liedeect ioe of flit-' e'erreisielc rate of the metal surfaces
clieeeetnetreicesim 'if rie'et nl salts Iii sAIi chit jecc t''cid MeSAI %as neel ac'omplishiecd initil tilee salt t'eixeentratieee of

i' ll 'ileecisee t c' 'eecit e'ci ec'.itreet ce ~the' leeciler %ate'r wesueffivi'eetl1 depleted bN blowdown.len' 1'le icetii/ resetsn fcthlee aj.1 cooetali iccueirin h iceqhaeor im
Ahii; thce i. delouomitieb% Atlilleilliei 'te'e't-f TIe,',.' fatctr h isou-iiortermltnpipaeo ~dor

~eit~.e I. le.jcieearl~regceceihls'fiittir i~i~.ee',''C Iedriexide deiriceg sechseeguient tests we're effective in
111W voottlc lercg elt ie'fwsc- tr ecct-,1114i1g at 154k a~ithelct signcificanet Iclewdeewn seceder

i-titele' c.4'-lei, e . ý. The'~ le' re oll d. It s imilic',e * %',imila r cc inieli tI'cus.

thiat thie". 'cipoltitnice' %mcild pnebreelic aoce ahtter chiitcr'-
A i'ri'..It- ie' t -' 4 o~' f 4-1IMki t $11i~e. ('4 I\( A SitINS
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3. Most condenser leakage constituents precipitated pendent of beat-transfer conditions and water
and deposited at the heat-transfer surfaces rather chemistry.
than in the bulk stream. 11. When either volatile or' phosphate treatment was

4. The amount and location of preboiler corrosion- employed with tube surfaces fouled with preboiler
product deposition was affected by boiler water corrosion products and in the absence of condenser
treatment and the presence of condenser leakage. leakage, 1n0 significant corrosion occurred.

5. Deposition of preboiler corrosion products was 12. The combination of heal-transfer surfaces fouled
greater in the A loop (23 to 35 percent quality) with simulated preboiler corrosion products and
than in the B loop (8 to 20 percent quality) at free caustic boiler water treatmenrt caused high
identical conditions of water chemisiry, heat flux, rates of corrosion under nucleate boiling conditionsi.

mas veociy, nd reure.Theforatin ~ 13. The initial deposit ion of preboiler corrosion products
deposits resulting from condenser leakage was not on heated tube surfaces initiated caustic attack.
appreciably affected by mixture quality; approxi- Subsequent formation of additional deposits result-
mately equal amoxints of thew. materials having ing from corrosion of the metal sustained and finally
been found at similar locations in both the A and B accelerated the corrosion rate.

1lolotyecromo curd ihvltiebie

6. Wthi a our-loc tet setio. dposiionof re-water treatment when heat-transfer surfaces were
boiler corrosion products increased with mixture fi-wt rbie orrosion products and wea-

qualty t cnstat hat lux i~e. bock 0>1>18water condenser leakage was added. Volatile treat-
>17 and block 21>23>22>21). Deposition of menpt furnished no protection against corrosion
condenser leakage constituents was not clearly euln fosawtrekg.
affected by increasing mixture quality within each rsligfo ewtrlaae
section. 15. The p11 reduction of boiler water resulting from

seawater condenser leakage caused corrosion with
7. Within each test section. the deposition oif both all ty~pes of chemical treat mesit. Ifowever, corrs~ion

preboiler corrosion products and condenser leakagre rates could be effectively reduced by elevating the
was greater in the high-heat -flux zone (blocks 17 t4 p ill with sodium phosphate or sodium hydroxide.
20. 150,000 Btu hr-ft) than in the low-heat-flux Once the heat-transfer surfaces liad become suf-
zone (blocks 21 to 24. 110.000 Btu hr-ft 2. ficienitlyfouiled~theinitroduetitIion of sodium hydroxide

8. Volatile treatmnent permitted the formiationi of to arrest seawater corrosion resulted in caustic
difficult to remove deposits. The deposiits formed attack.
with this type boiler water treatmyent had higher 16. P4hosphate hideout became more pronounced with
concentrations of precipitated lsardnses and silic-on the accumulatin(if depiosits on heat-transfer
compiounds thais, with ('nordinated phosphate or surfaces. No corros in wait associated with its
free caustic boiler water. XU nce.

9. Cioordinaited phosphate and free caustwi treatmient 17. The ciemniral comnposition of depiosits on hieat-
reduced the armount of driosition and resulted in transfer mirfaces varied siguificantlly from those
less objectionable depiosits fromn the %tandpioint of fouod mn miheated areami.
cleaning when fresh-water condlenser leakage was 18 rmt"n4clauiisrelediDN whe

introuced o th testboilr. n114.eaie boiling haed beeni eilierienwvid wills cleans
10. fit all cases, when corrostionl was exlirielise."l pr1or I.rA urface'. Thki% effect %as temgixrurm %ince it was

fouling of heat-traonfer surfa-es, was uw'e~v.ar% for sumurilthat the deressid~ valoe of criit-al ignalit%
the initiatoion of attack. Whens hseat.Iransfer suirf..,-% recovered inr a juer~id of urerral h~our'N viwts~urot
were fre: of deposits. nio coirrvtiin toccu'rred mind- 11, the addition 1f robotaminaist.


